The 16.7 kbp dsRNA specific to the '447' cytoplasmic male sterility (CMS) line of Vicia faba was labelled in vitro with [~-a2P]ATP and poly(A) polymerase, and by T4 RNA ligase-mediated addition of [32p]pCp. Analysis of the reaction products under denaturing conditions revealed in both cases extensive labelling of a 4.5 kb ssRNA, already detected in previous experiments in which the RNA-dependent RNA polymerase associated with the dsRNA was allowed to pursue RNA synthesis on preinitiated complexes. Mobility shift analysis of total pCp-labelled dsRNA revealed not two but three different 3' termini. The most prominent sequencing pattern corresponded to the 4-5 kb ssRNA, indicating that this RNA species has a preferentially accessible, free 3' OH extremity. Northern blot analysis of the denatured dsRNA confirmed that the 4'5 kb ssRNA is a subgenomic mRNA and detected its counterpart of about 12kb. Nearly all 16"7kbp dsRNA molecules featured an interrupted positive-sense strand, indicating a marked prevalence of transcription over replication complexes. This unusual strategy of transcription by a strand displacement mechanism, following initiation at an internal discontinuity, is compared with that of other dsRNA viruses or defective viruses, and is discussed in relation to the expression of the CMS trait.
Cytoplasmic male sterility (CMS) is a maternally inherited trait characterized by the failure to shed viable pollen and is widely used in plant breeding to streamline the production of hybrid seeds. Unfortunately, there is, to date, no controlled and predictable way to obtain CMS lines of a given plant. CMS results from a mitochondrial dysfunction restricted to anther tissues and is caused by the specific interaction of a nuclear gene with a mitochondrially encoded determinant. At the molecular level, CMS correlates with the expression of non-functional variant polypeptides generated as a consequence of mitochondrial DNA rearrangements (Belliard et al., 1979; Boeshore et al., 1985; Dewey et al., 1986) . The '447' CMS line of Vicia faba deviates from this classical pattern, however, since the cytoplasmic determinant can be easily and irreversibly lost (Scalla et al., 1981) without significant alterations of the mitochondrial DNA (Turpen et al., 1988) . The cytoplasm of the '447' CMS plants is characterized by the presence of unique membranous vesicles (Edwardson et al., 1976) dubbed virus-like particles or cytoplasmic spherical bodies (CSB) which are not found in fertile lines. These vesicles contain a high M r dsRNA (Scalla et al., 1981; Grill & Garger, 1981) associated with an RNAdependent RNA polymerase (Lefebvre et al., 1990) . In their vertical mode of transmission, these virus-like vesicles behave much like cryptic viruses (Boccardo et al., 1985) , and failure to transmit them horizontally by any of the classical methods of inoculation (Duc et al., 1984; Turpen et al., 1988) precludes identification of their dsRNA as the cytoplasmic determinant of the '447' CMS. Dulieu et al. (1988) have, however, purified these vesicles and generated specific antibodies that allow their detection in progeny from various crossings: a perfect correlation was noted between the presence of the vesicles (and therefore of the dsRNA) and the development of male sterility in plants harbouring them.
We have previously demonstrated (Lefebvre et al., 1990 ) that the RNA polymerase activity detected in cytoplasmic vesicles purified from the post-mitochondrial fraction of flower buds is specific for its associated dsRNA template: the enzyme is able to pursue in vitro RNA synthesis on preinitiated complexes, even after these have been released from the membranous vesicles by treatment with a non-ionic detergent. Labelled NTPs are incorporated exclusively into the dsRNA and resist RNase digestion at high salt concentrations. Analysis of the reaction products by CF-11 cellulose chromatography (Morris & Dodds, 1979) confirmed that dsRNA only is labelled. Newly synthesized RNA therefore remains associated with its template, indicating that RNA synthesis proceeds by a strand displacement mechanism, presumably after internal initiation on the 16-7 kbp dsRNA template. Although the polymerase 0001-1441 © 1993 SGM remained active for long periods of time we never observed the release of labelled transcript, even under non-limiting NTP concentration, possibly because a single molecule of polymerase is engaged on each template molecule at a time. In addition, analysis of the RNA synthesis products after denaturation revealed that the longest labelled ssRNA detectable is a discrete species only 4-5 kb long (Lefebvre et al., 1990) . The 4.5 kb ssRNA could correspond to a subgenomic RNA or simply result from premature termination or the failure of the polymerase to overcome a region of strong base-pairing. In order to prove the existence of such subgenomic mRNA and to analyse the structure of the 16,7 kbp species, the dsRNA was extracted from vesicles and was further purified by CF-11 chromatography. The free 3' OH termini were labelled by limited polyadenylation using Eseherichia coli poly(A) polymerase (Sippel, 1973) for 10rain at 37 °C with 20/aCi [~-3~p]ATP (3000 Ci/mmol), or by T4 RNA ligase-mediated addition of 5' [32p]pCp (100/aCi, 3000 Ci/mmol, for 2 h at 22 °C) as described by England & Uhlenbeck (1978) . The in vitro labelled dsRNA was then analysed by agarose gel electrophoresis in parallel with run-on synthesis products (lane 2, Fig. 1 a and b ) obtained by incubating purified vesicles for 2 h at 30 °C with 10/aCi of [~-a~p]UTP (3000 Ci/mmol) and 200/aM ATP, CTP and GTP in 50 mM-Tris-HC1 pH 7"5, 50 mM-KC1, 5 mM-MgC12, 2 mM-DTT, followed by a 4 h chase with 200 gM-UTP (Lefebvre et at., 1990) . Lanes 1 and 3 correspond to dsRNA labelled in vitro by addition of [a2P]pCp and by polyadenylation, respectively. Agarose gel electrophoresis under native conditions ( Fig. 1 a) shows that the 16.7 kbp dsRNA was the only species labelled by the endogenous polymerase reaction proceeding in the cytoplasmic vesicles (lane 2), and also that purified dsRNA could be readily labelled in vitro after a short incubation with terminal transferases such as T4 RNA ligase (lane 1) or poly(A) polymerase (lane 3). However, when the endogenous polymerase reaction products were analysed by electrophoresis on a formaldehyde-containing gel after methylmercuric hydroxide denaturation, the longest ssRNA species detected ( Fig. 1 b, lane 2) was only 4.5 kb long. This confirmed our earlier observations that, in vesicles isolated from flower buds, the polymerase is engaged in the synthesis of a 4.5 kb ssRNA which has no double-stranded counterpart and therefore probably corresponds to a subgenomic messenger similar to those found in many plus-strand viruses. On the other hand, the same 4"5 kb species was the sole ssRNA found labelled after denaturation of the dsRNA to the 3' termini of which pCp ( Fig. 1 b, lane 1) or a poly(A) short tail ( Fig. l b , lane 3) had been added in vitro. This ssRNA molecule therefore had a free 3' OH terminus that was easily accessible in the double-stranded structure, even to exogeneously added polymerases. When purified dsRNA was labelled in vitro with pCp for longer times (24 h at 22 °C), increased amounts of pCp were incorporated into the 16.7 kbp dsRNA ( Fig. 1 c, lane 1) . Analysis after denaturation ( Fig. 1 c, lane 2) then revealed a faintly labelled, higher M r ssRNA species migrating in the 16 kb range, as expected for a full-length ssRNA strand, in addition to the prominent 4.5 kb ssRNA. This contrasts with the endogenous polymerase reaction where no labelled products were observed in this range, even after extensive incubation with non-limiting concentrations of NTPs and over-exposure of the autoradiogram (Lefebvre et al., 1990) .
In order to determine the number of 3' termini and their sequences, the [a2p]pCp-labelled 16-7 kbp dsRNA and 4.5 kb ssRNA were eluted from the gel and subjected to partial alkaline hydrolysis (15 min at 100 °C in 50 mM-Na~CO a pH 9). The random hydrolysis products were Fig. 1 (c) . The labelled RNAs were submitted to partial alkaline hydrolysis and the resulting products analysed by cellulose acetate electrophoresis at pH 3-5 (running horizontally in a, b and d) followed by homochromatography (running vertically in a, b and d). R and X indicate the positions of fuchsin and xylene cyanole, respectively. (a) Autoradiogram of the pattern derived from total dsRNA, showing three partially overlapping but different sequencing pathways. (b) Autoradiogram of the pattern obtained with the gel-purified 4-5 kb ssRNA from Fig. 1 (c) , lane 2. (c) Autoradiogram of the pattern obtained with the hydrolysis products of gel-purified 4.5 kb ssRNA analysed by two-dimensional polyacrylamide gel electrophoresis through a 10 % gel at pH 3.5 (horizontal) and then through a 20 % gel (vertical).
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then analysed by two-dimensional mobility-shift analysis by cellulose acetate electrophoresis at pH 3"5, followed by homochromatography (Silberklang et al., 1977) or by two-dimensional polyacrylamide gel analysis as described by Lockard et al. (1978) , and were detected by autoradiography. Fig. 2 (a) shows that the pattern of the 16.7 kbp dsRNA was complex and comprised three different but partially overlapping sequencing pathways which therefore could not be deciphered conclusively. In contrast, the isolated 4-5 kb RNA produced a unique clear-cut sequence (Fig. 3b ) which could be further determined by the greater resolving power of twodimensional polyacrylamide gel electrophoresis (Fig.  3 c) . The intense labelling of this RNA species, already obvious in Fig. l(b) , lane 1 and Fig. l(c) , lane 2, confirmed that it was not a degradation product originating from a higher M r species because it had a free Y OH terminus. In addition, its 3' end was more readily accessible to T4 RNA ligase in the native dsRNA than were the 3" ends of the other molecular species constituting the dsRNA. The 4.5 kb RNA is thus very likely to map at the 3' end of one of the two strands, and may have a 3' protruding or flush end whereas the other RNA species have 3' ends that are recessed or located internally on the dsRNA molecule, or are heterogeneous.
To assess further the degree of heterogeneity and confirm the sequence of its 3' terminus, the [32P]pCplabelled, gel-purified 4'5 kb ssRNA species was submitted to partial and total RNase T1 digestion and analysed by polyacrylamide gel electrophoresis. A 14-residue oligonucleotide was identified after complete T1 digestion of the 4.5 kb ssRNA, in agreement with the position of the first G residue 14 nucleotides away from the 3' OH (not shown). The sequence obtained upon mobility-shift analysis of this oligonucleotide (Fig. 2d ) corresponded to that obtained with both the dsRNA and the isolated 4.5 kb ssRNA, and was further confirmed by submitting the purified oligonucleotide to base-specific nuclease digestions ( Fig. 2e) as described by Donis-Keller et al. (1977) . The two-dimensional analysis revealed, in addition, that most of the 4.5kb ssRNA molecules terminate accurately, but a faint parasitic pattern revealed that an estimated 10% of them lacked the terminal C residue (Fig. 2d) . The sequence and high homogeneity of the 3'-terminal oligonucleotide confirmed the absence of a poly(A) tail in the 4"5 kb ssRNA, at least as long as this species remained base-paired with its template and was still contained within the vesicles.
Although both run-on transcription and 3' OH labelling experiments confirmed the existence of a discrete 4.5 kb ssRNA species, they failed to reveal its expected counterpart, an ssRNA of about 12-2 kb of the same polarity, which should be base-paired with the complementary 16-7 kb ssRNA. The polarity of the 4.5 kb RNA is unknown, although it may represent a coding mRNA.
We have sequenced (to be published elsewhere) the four independent cDNA clones pZO140 to pZO143 derived by Turpen et al. (1988) from the 16-7kbp dsRNA. We found that they all contained one long continuous open reading frame (ORF) on one strand, presumably corresponding to a large polyprotein, whereas no significant ORFs were detected on the other strand.
For the Northern blot analysis described in Fig. 3 , these inserts were further subcloned into the pKS vector (Stratagene) to derive strand-specific RNA probes of the desired polarity (lanes 140 to 141, probe polarity + or -). The other probes used were dsRNA that had been submitted to random hydrolysis and post-labelled with [y-~2P]ATP, as described by Negruk et al. (1980) , using T4-induced polynucleotide kinase (Fig. 3, lane dsRNA +/-), or the series of PstI inserts excised from pZO 140 to pZO143 which were labelled by random priming (Fig.  3, lane 140/143 +/-) . The dsRNA was denatured with 10 mM-methylmercuric hydroxide for 10 min at room temperature and submitted to electrophoresis at low voltage (25V for 1613) through 0"7% agarose gels containing formaldehyde, as described by Gustavson et al. (1982) . RNA was transferred directly from such gels onto Hybond-Plus membranes (Amersham) by capillary blotting using 50 mM-NaOH, and hybridization was performed at 65 °C in 5 x SSPE. Fig. 3 shows that the 16.7 kb and the 12.2 kb single-stranded species could be resolved under these improved conditions of analysis. Clone pZO141 was found to map on the 4.5 kb RNA and the three others mapped in the 12.2 kb region. This analysis also indicated that the 16.7 kb strand Was of negative polarity and thus served as a template for the transcription of both the 12.2 kb RNA and the 4.5 kb RNA spccies. The positive polarity of the 4.5 kb RNA was directly established by hybridization and this identifies it as a definite subgenomic messenger. Finally, considerable over-exposure was required to detect a fulllength 16'7 kb species of positive polarity (arrowhead in the second lane with the negative 141 probe). This confirmed that the overwhelming majority of the 16.7kbp dsRNA molecules present in the vesicles extracted from male-sterile flower buds were engaged in (Newhouse et al., 1982) . These membranous vesicles also contain a high Mr dsRNA associated with a specific polymerase (Hansen et al., 1985) , to form complexes resembling the replicative form of ssRNA viruses (Tartaglia et al., 1986) , and this dsRNA has been cloned and sequenced recently. Its genetic organization and expression strategy, via polyproteins undergoing self-processing, establish it as a defective virus related to potyviruses (Rae et al., 1989;  Shapira et al., 1991 ; Koonin et al., 1991) , and the model for the life cycle of this ' hypovirulence-associated virus' (HAV) has recently been confirmed by the resurrection and replication of cytoplasmic dsRNA from a chromosomally integrated cDNA copy (Choi & Nuss, 1992) . dsRNA viruses share a common biphasic strategy of replication in which the first step consists of the synthesis of full-length transcripts of the genomic dsRNA(s) directed by a transcriptase/replicase which is invariably co-encapsidated with the dsRNA. Transcripts are extruded from the virions into the cytoplasm, where they are translated to produce coat protein subunits and polymerase molecules. These co-assemble with the viral transcripts to generate previral particles, within which the encapsidated polymerase then proceeds to synthesize the second (minus) strand. Transcription may be conservative, e.g. in yeast killer virus (Nemeroff & Bruenn, 1986; Williams & Leibowitz, 1987) or in reovirus (Joklik, 1983), or semi-conservative as in Aspergillus foetidus virus (Ratti & Buck, 1978) , but in all cases the dsRNA engaged in transcription complexes is sequestered away from the cytoplasm within particles. In the same way, membranous vesicles topologically isolate dsRNA from the cytoplasm, and dsRNA plasmids described in plants, e.g. the intramitochondrial plasmids specific to maize Stype cytoplasm (Finnegan & Brown, 1986) , reside within organelles.
The results obtained in this study confirm that the dsRNA extracted from male sterile flower buds has an unusual structure and corresponds to a transcriptional complex from which copies of a 4.5 kb discrete subgenomic messenger are derived by a strand displacement mechanism. We have previously verified (Lefebvre et al., 1990) by RNase treatment that the template is not partially single-stranded. Although this is not formally proven, the run-on experiments and preferential accessibility of the 3' OH terminus of the 4.5 kb mRNA strongly suggest that this subgenomic mRNA maps at the 3' end of the positive-sense strand. Internal initiation would be easily conceivable if transcription were to proceed by a conservative mechanism on a doublestranded template, as in the killer virus of yeast (Williams & Leibowitz, 1987) , or on negative-sense RNA strands of genomic length as for the generation of the subgenomic RNA of turnip yellow mosaic virus (Gargouri et al., 1989) . However, the present report is, to our knowledge, the first to describe the generation of a subgenomic mRNA from a dsRNA with an interrupted positivesense strand.
Although this remains to be established, our working hypothesis is that the 4-5 kb RNA may encode the determinant of the '447' CMS which could be a polypeptide targeted to the mitochondria and similar to the variant polypeptide responsible for CMS in petunia (Young & Hanson, 1987) , or a protein toxin such as that encoded by the yeast killer virus. Molecular cloning of the dsRNA is in progress and should permit elucidation of the origin of this dsRNA and of the mechanism by which it specifically provokes pollen abortion in anthers while behaving like a cryptic virus in the rest of the plant.
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